INTRODUCTION
Spontaneous abortion, intrauterine growth restriction (IUGR) and/or preeclampsia are all associated with and impaired pregnancy-induced increase in uterine artery (UA) blood flow [1] [2] [3] [4] . However, the primary cause and secondary effect of lower UA blood flow in these conditions are unknown.
All three conditions are more frequent in nulliparous women. Spontaneous abortion affects 10-15% 65 of pregnant women, and in 85% of these cases abortion occurs in the first trimester of pregnancy [5] .
Miscarriage occurs in about 25% of all cases [6] . The risk of pregnancy loss decreases as the number of pregnancies rises [7] paralleled by an increase in the birth weight of babies from second and subsequent gestations [8] .
At high altitude, babies usually have a reduced birth weight, and the incidence of IUGR or 70 preeclampsia is higher [9, 10] . This was observed even centuries ago by the Spanish conquistadors who asked their pregnant wives to leave Cuzco, the Inca capital at about 3400m above sea level, and to return to Lima (sea level) during pregnancy and delivery [11] . Reduced UA blood flow rather than lower arterial oxygen content -that is elevated compared to women living at low altitude [12] -appears causal. In addition, pregnant women at high altitude have a smaller UA diameter than those 75 at low altitude [12] and less uteroplacental vessels in placental deciduas with impaired vascular remodeling [13] . Elevated hematocrit values due to other reasons than high altitude also result in poor pregnancy outcome but are treatable by reducing the hematocrit [14] . Interestingly, in a subgroup of subfertile women with unexplained repeated pregnancy loss, the only abnormal parameter detected was an insufficient increase in blood flow of the UA during pregnancy [15, 16] . 80 Disturbed uterine perfusion correlates with defects in placental development predominantly at the maternal-fetal interface that ultimately might cause pregnancy loss, intrauterine growth restriction or preeclampsia [17, 18] . 4 Despite the obvious clinical significance, the etiology of the insufficient rise in uterine perfusion during pregnancy in these pathologies has not been fully investigated. We propose that poor 85 arteriogenesis (length and diameter growth) of the UA during pregnancy plays a key role in unexplained repeated pregnancy loss, IUGR and presumably in preeclampsia too. This hypothesis arose from observations in our transgenic mice (tg6) that overexpress human erythropoietin resulting in a 12-fold elevation of erythropoietin plasma levels and consequently hematocrit levels as high as 0.80-0.90 [19] . Between day 9 and 10 of pregnancy tg6 mice usually loose their fetuses unless their 90 hematocrit is reduced. In analogy to the observations in humans with impaired uterine perfusion [3, 13, 20] , our transgenic mice fail to develop the labyrinth layer at day 9.5. Moreover, the decidual arteries are much smaller in tg6 mice compared to wild type littermates (cf. supplemental figures).
To study the impact of arteriogenesis on pregnancy outcome, we recorded number and weight of pups born and measured the UA luminal area, wall area and the number of endothelial and smooth 95 muscle cells of the arterial wall in wild type (wt), tg6 and splenectomized tg6 mice (note that in tg6 extramedullary erythropoiesis occurs in the spleen [21] ). Shear stress was estimated from measurements of mean circulating time, whole blood viscosity and the radius of the UA. Plasma nitrate/nitrite and erythropoietin levels were also measured. Finally, to test whether impaired arteriogenesis due to low shear stress is causative for the pregnancy complications in our tg6 mice, 100 we measured both capillary density and capillary to fiber ratio in hind limb muscles three weeks after femoral artery occlusion. The resulting data revealed impaired arteriogenesis also in this experimental setup, making pregnancy-associated hormonal disturbances or other problems [22] an unlikely cause of the poor pregnancy outcome in tg6 mice. 
MATERIAL AND METHODS

Animals
All animal experiments conformed to the guide for the care and use of laboratory animals published by the US Institutes of Health (NIH Publication No. 85-23, revised 1996) and institutional guidelines and were approved by the Kantonales Veterinäramt Zürich.
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The transgenic mouse line TgN(PDGFBEPO)321ZbZ (genetic background C57Bl/6, termed tg6) was generated by pronuclear microinjection of the full-length human erythropoietin cDNA driven by the human platelet-derived growth factor B-chain promotor as previously described [19] . Compared to wt littermates tg6 mice exhibit a 12-fold elevation of plasma erythropoietin levels resulting in hematocrit values as high as 0.85 [19, 21, [23] [24] [25] . Wild-type (wt) C57Bl/6 females were used as 115 controls.
Experimental design
The prerequisite of the present study is a normal fertility of tg6 oocytes. Therefore, we first performed embryo transfer to pseudo-pregnant surrogate mothers (wt) from tg6 females previously 120 mated with either wt or tg6 males.
In the next set of experiments the reproductive outcome (number of fetuses at different gestational ages, Table 1 ) and the pregnancy-induced changes of the uterine artery (UA) luminal and wall area as well as the numbers endothelial and smooth muscle cells present were assessed at gestational age 0 (nulligravida), 7, 9-10, 11, 15, 17 and after parturition. These measurements were performed in 125 four experimental groups: wt mice, splenectomized tg6 mice (splx), primiparous tg6 and multiparpous tg6 mice. Because only 25% of our normal breeding offspring could be used for the study and tg6 usually abort between day 9 and 10, untreated tg6 mice were investigated only for the 6 gestational ages 0, 7, 10 and after parturition (n $ 5 for each gestational age and for all groups, except for splx E7 (n = 3) and splx E9 (n = 3) where cell counting failed due to insufficient tissue 130 preservation).
As we hypothesized that the poor pregnancy outcome of tg6 mice is due to impaired arteriogenesis, we estimated arterial wall shear stress in the UA. Considering that arteriogenesis is induced by endothelial shear stress ( τ ) [26], we determined all parameters necessary for shear stress calculation according to the equation:
This equation indicates that shear stress in all vessels is proportional to blood viscosity (η) and mean blood flow velocity (v), and inversely proportional to the vessel radius (r). Blood flow velocity itself 140 is dependent on blood volume (BV) and cardiac output (CO) since it is inversely proportional to mean circulating time (mCT) that is given by [27] : mCT = BV/CO [2] 145 Previous data showed that tg6 mice have a 2.5 times higher blood volume and a slightly lower cardiac output compared to wild type mice [21, 23] . In addition, tg6 mice exhibit chronic vasodilation mediated by elevated production of nitric oxide [19] . Finally, blood viscosity is increased to a lesser extent than expected (4-fold rather than 8-fold) due to increased red cell flexibility [21] . (Greater erythro-phagocytosis lowers erythrocyte life span, resulting in elevated red 150 cell flexibility [24] .) Thus, we determined mCT (wt: n = 3, splx: n = 5 and untreated tg6: n = 7), 7 blood viscosity (n =6 each) and diameter of the UA (see above). In addition, we measured plasma nitrite/nitrate levels in each of these groups (wt: n = 5, splx: n = 6, untreated tg6: n = 8).
Recently we demonstrated that arteriogenesis of the UA is irreversible in wild type C57Bl/6 mice [28] . We hypothesized that arteriogenesis, although insufficient in the initial pregnancies, might be 155 additive in repeated pregnancies, finally allowing all tg6 females to deliver pups. To this end, wt (n = 10), splx (n = 14) and untreated tg6 (n = 14) mice were mated until all of them delivered at least one viable pup. The number of pregnancies required to be successful was determined for each individual female. The tg6 mice of this set of experiments (n = 7) were sacrificed directly after delivery for UA examination as described above.
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Apart from the UA we investigated the effect of excessive erythropoietin and hct on the functional outcome of arteriogenesis in another vascular bed independent of pregnancy. To this end we used the hind limb occlusion model and measured capillary density and capillary to fiber ratio in both lower legs of wt, splx and untreated tg6 mice (n = 3 each) 3 weeks after femoral artery occlusion.
For each single leg, we analyzed 712 to 1498 capillaries.
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Surgical procedures
Anesthesia for all surgical procedures was induced with a gas mixture containing 4 % isoflurane, 
Breeding
Virgin females at an age of 19 "2.45 weeks were housed together with a NMRI or B6D2F1/Crl male for up to 4 nights and were checked twice a day for vaginal sperm plugs. The females were separated from males after 4 nights or when a plug was detected (defined as day 1 of pregnancy).
Three days after separation, vaginal smear analysis [30] was performed daily for five days. If no 195 estrus cycle occurred, the female was considered to be pregnant, conversely if an estrus cycle occurred it was considered as "failed conception" and the animal was re-mated. Pregnant mice that 9 had been separated from the male without being scored plug-positive were sacrificed after delivery, as the exact day of conception was unknown.
In order to ensure that the hormonal influence of the cycle on the UA was kept to a minimum [31] in 200 mice assigned to gestational age 0, we used either virgin or mated females that exhibited an empty uterus on laparotomy and showed evidene of diestrus (as determined by instant vaginal smear analysis) following sacrifice at day 7, 9, 10 or 11. Diestrus was selected because it is the estrus cycle stage of longest duration (50-60 hours) and lowest estrogen levels.
205
Reproductive outcome
At laparotomy on the scheduled day of pregnancy, the number of fetuses in each uterine horn was recorded. For females sacrificed on the day of delivery, number and weights of delivered pups were determined.
Furthermore, the number of pregnancies required by each individual female to deliver pups for the 210 first time ("pregnancy order") was determined by performing a series of vaginal smear analysis during the 4-5 days after mating as described above. If a previously virgin mouse showed no estrus cycle after mating it was considered to be pregnant having the pregnancy order 1. If the same female did not deliver it was mated again. For each subsequent pregnancy until first delivery of at least one live pup a corresponding higher number of pregnancies was assigned.
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Histology and Morphometry
At the scheduled day of pregnancy (0, 7, 9-10, 11, 15, 17 or after parturition), anesthetized mice Luminal area, wall thickness and wall area of the most circular cross sections of the proximal, middle and distal segments of the left and right UA were measured using the ImageJ 1.30v software as described [28] . Thereafter the slides were stained with eosin and hematoxylin and the number of 230 smooth muscle cell (SMC) nuclei in as well as the nuclei of endothelial cells (EC) in the UA were counted using a Zeiss Axioskop 2 microscope as described [28] . Some uteri of wt and tg6 mice of gestational ages 9 -10 were not frozen but embedded in paraffin, sectioned, stained with eosin and hematoxylin and examined by a blinded pathologist (T. S.).
Capillary density and capillary to fiber ratio in the hind limbs (n = 3) were determined in 10 Fm 235 cryosections of the lower leg, using the unspecific alkaline phosphatase staining [33] . Then the numbers of capillaries per area, as well as the number of capillaries in direct contact to single muscle fibers were counted.
Measurement of mean circulation time
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Mean circulating time was calculated using equation 2 (see above). Cardiac output and plasma volume were measured as described [21, 34] . Total blood volume was calculated using plasma volume and hematocrit. were analyzed using the software supplied with the chemiluminescence detector.
Statistical Analysis
The data are expressed as means "SD and were compared with one-way ANOVA with a Tukey-
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Kramer post hoc test using the GraphPad Instat Software (version 3.05). Percentage data were logtransformed before calculation of the statistics. In case of negative percent values in a data set, prior to analyses, the minimum of all values plus one was added to all percentage values. UA histological differences between gestational ages within an experimental group and between experimental groups within a gestational age (Figures 1 and 2 ), differences in mean circulation time, nitrate/nitrite ratios, 265 between experimental groups ( Figure 3 ) and differences between capillary density and 12 capillary/fiber ratio between experimental groups and between legs with occluded and nonoccluded femoral artery were determined (Figure 4) . A p value < 0.05 was considered significant.
RESULTS
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Excessive erythrocytosis leads to impaired fertility in tg6 females but not males
We bred the transgenic mouse line with excessive erythrocytosis, termed "tg6" [19] by mating transgenic males to wt C57BL/6 females since successful breeding using tg6 females was a rare event. Histological examination of plug positive tg6 females revealed that the developing fetuses died around embryonic day E9.5 and no labyrinth layer was established. Moreover, at mid-gestation 275 the decidual arteries had much smaller diameters in tg6 mice compared to wt littermates (cf.
supplemental figures). To ensure that oocytes derived from tg6 females had the potential to give rise to normal litters, embryo transfer was performed. To this end, we harvested two-cell embryos from tg6 females previously mated with either wt or tg6 males. Subsequently, 62 embryos were transferred to pseudopregnant surrogate mothers and 51 viable pups were born confirming that 280 transgenic embryos isolated from tg6 females were capable of developing to term. Of note, mating between hemizygous tg6 males and tg6 females also gave rise to viable offspring homozygous for the human erythropoietin cDNA (unpublished observation). Assuming that excessive erythrocytosis directly or indirectly caused the observed subfertility, we reduced the tg6 female's hematocrit by splenectomy, because the spleen is the main organ for extramedullary erythropoiesis [21] .
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Approximately 2-3 weeks after surgery, tg6 females reached hematocrit levels between 0.6 -0.75
and were successfully mated to wt males. Note that the high erythropoietin plasma levels in tg6 females were not reduced upon splenectomy (RIA, DiaSorin, Stillwater, MN, USA, in mU/ml, wt:
30.3 "7.5, tg6: 457.8 "172.2, splenectomized tg6: 915.6 "229.2), implying that high levels of 13 circulating human erythopoietin was not likely a direct cause of subfertility.
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Next we determined the number of fetuses in each uterine horn at different days of pregnancy in wt, splenectomized tg6 and untreated tg6 mice in their first pregnancy. Within the first 10 days of development the number of implanted fetuses was similar in all three groups ( delivered significantly more viable pups (6.00 "2.58) compared to the few tg6 females with successful first pregnancies. While the number of pups was not significantly different to that of splenectomized tg6 mice, the weight of the pups (1.36 "0.12 g) -although slightly elevatedremained significantly lower.
Furthermore, the number of pregnancies within which 100% of the experimental group achieved 305 viable pups was least in wt mice (2 pregnancies), slightly higher in splenectomized tg6 (3 pregnancies) and highest in tg6 mice (4 pregnancies, Table 2 ). Thus in the first pregnancy wt mice had the highest success rate followed by the splenectomized tg6 whereas tg6 mice were considerably less successful.
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Impaired UA growth in pregnant tg6 mice 14 As shown in Figure 1A , the luminal areas of the UA at gestational age E0 were similar in wt and splenectomized tg6 mice, both being significantly smaller than those of tg6 females without splenectomies. This is in line with the significantly lower numbers of endothelial as well as smooth 315 muscle cells at gestational age E0 in wt compared to untreated tg6 mice (Figure 2 A and C) .
The luminal area of the UA of wt and splenectomized tg6 mice progressively increased throughout the pregnancy (Figure 1 A, B) . Compared to day 0 the percent UA increase in luminal area was significant at day 9 in wt mice and at day 11 in splenectomized tg6 animals. In primiparous tg6
females a significant increase in the luminal area was not observed before day 10 and surprisingly, 320 no further growth was seen at the end of pregnancy. In contrast, compared to E0 values, wt and splenectomized tg6 mice had a similar increase in UA luminal area (168% and 177%, respectively)
at the end of the pregnancy (Figure 1 B) . However, primiparous and multiparous tg6 females modestly increased the luminal area of the UA from fertilization to the day of delivery by 53% and 59%, respectively.
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Correspondingly, in wt and splenectomized tg6 mice the UA wall area progressively increased until the day of delivery (97 and 69%, respectively) whereas in tg6 mice its growth increased only until day 10 by 36 % in the first pregnancy and by 53% in subsequent ones (Figure 1 C, D) . Thus, tg6
mice showed a tendency to enhance wall growth after at least one previous pregnancy. This growth, however, was still significantly lower than that of wt mice.
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In all three groups, growth of the UA wall was further examined by counting the endothelial cells (EC) and smooth muscle cells (SMC). Wt and splenectomized tg6 mice showed a progressive increase in both EC and SMC during pregnancy (Figure 2 ). In particular, the percent increase in EC number became significant at day 9 in wt (35%) and at day 11 in splx (27%), while the increase in SMC number became significant on day 11 in wt (23%) and day 9 in splx (18%). In contrast, EC 335 15 and SMC number did not change in primiparous tg6 mice during pregnancy as well as on the day of delivery. Wt and splenectomized tg6, had significantly (56 -78%) higher EC and SMC numbers at the end of pregnancy. Following two or more pregnancies in tg6 mice, numbers of EC and SMC at the day of delivery were significantly higher (22% and 34% respectively) compared to primiparous tg6. However, the total increase in EC and SMC remained dramatically lower compared 340 to wt and splenectomized tg6 mice. Taken together, these observations show impaired growth of the UA during pregnancy of tg6 mice suffering from excessive erythrocytosis. As this effect is especially pronounced during the first pregnancy and the growth of the UA is irreversible after the first pregnancy in mice [28] , poor arteriogenesis of the UA is most likely the major cause of abortion in tg6 mice.
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Reduced endothelial shear stress in tg6 mice
As mentioned in the introduction and explained in the Materials and Methods section, arteriogenesis is induced by endothelial shear stress that in turn is proportional to blood viscosity and mean blood flow velocity and inversely proportional to the vessel radius. Knowing that nulligravida tg6 mice 350 have an increased radius of the UA (Figure 1 A, E0), we determined blood viscosity and mean blood velocity.
At physiological shear rates between 11 and 115 s -1 [35], splx had an apparent blood viscosity of 9.78 -5.51 mPa·s. This value is 45-52% higher compared to wt but 50-54% lower compared to tg6 mice [21] . 355 As shown in figure 3A , the mean blood circulating time in virgin mice -calculated from blood volume and cardiac output [27] -was about 12-fold higher in tg6 compared to wt mice (85.01 s vs.
7.17 s) and 7-fold higher than in splx (11.58 s). Assuming that the length of the vasculature is not 16 altered following splenectomy, the drop in mean circulating time was equivalent to a seven-fold acceleration of the mean blood flow velocity.
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In accordance with our previous results [19] , nitrite/nitrate plasma levels ( Figure 3B) conclude that the elevated nitric oxide level in tg6 was reduced after splenectomy resulting in an overall reduction in vessel diameter. This is in accordance with the fact that the lumens of UA at day 0 were similar in wt and splenectomized tg6 mice, but both were significantly smaller than those of untreated tg6 mice (cf. Figure 1 A, E0 ).
According to equation 1 mentioned in the Materials and Methods section we calculated a 4 to 5-fold 370 lower endothelial shear stress in tg6 mice suffering from excessive erythrocytosis compared to splenectomized tg6 and wt mice, respectively.
Impaired arteriogenesis in tg6 mice after occlusion of the femoral artery
To provide further evidence that shear stress is causal for impaired arteriogenesis in tg6 mice 375 suffering from excessive erythrocytosis, we made use of the hind limb occlusion model. After ligation of the femoral artery, blood is forced to pass through collateral vessels to bypass the occlusion. This leads to increased shear stress in the collateral vessels stimulating outward remodeling [26] . Following occlusion of the left femoral artery in tg6 mice, the muscle capillary density in the occluded left leg was 47% that of the non-occluded right leg ( Figure 4A ) suggesting a 380 loss of capillaries as a consequence of insufficient blood supply through collateral arteries. Similarly, the capillary to fiber ratio was significantly reduced to about 50% ( Figure 4B ). After splenectomy tg6 mice showed no significant differences in muscle capillary density ( Figure 4A , 95% respectively 97%) and capillary to fiber ratio ( Figure 4B ) between occluded and non-occluded legs paralleling the findings in wt mice. This indicates that after splenectomy of tg6 mice the functional result of 385 collateral vessel growth is similar to that of wt mice.
Taken together, our data obtained from the uterine and femoral arteries provide convincing evidence for overall impaired arteriogenesis due to reduced shear stress in tg6 mice suffering from excessive erythrocytosis. Accordingly, during pregnancy, this inefficient arterial outward remodeling most probably causes abortion. The subfertility phenotype of tg6 mice was rescued by different approaches that increased uterine blood supply by stimulating arteriogenesis of the uterine arcade. The first strategy was to use a "natural" rescue occurring in response to multiple pregnancies in a single animal. In many mammals 18 including man, reproductive outcome improves with subsequent pregnancies [8, 37, 38] most 405 probably because arteriogenesis of the UA is irreversible, as we showed recently in C57Bl/6 mice [28] . However, others reported partial regression of the pregnancy-induced outward remodeling of the UA in mice [39, 40] . This difference might be due to a varying genetic background and/or fixation procedure, in situ (as we did [28] ) or ex situ [39, 40] . Apart from these quantitative differences there is no doubt that arteriogenesis of the UA is at least not completely reversible. For 410 untreated tg6 mice this suggests that limited growth of the UA induced by (insufficient)
arteriogenesis is additive during subsequent pregnancies, finally resulting in successful pregnancies of all tg6 females.
Another possible way to improve pregnancy outcome in tg6 mice is by splenectomy that does not lower plasma erythropoietin levels but considerably reduces the amount of hematopoietic tissue and 415 consequently the hematocrit to levels below 0.75. This in turn increases endothelial shear stress by a factor of 4 and is paralleled by enhanced arteriogenesis of the UA as evident from the enlarged diameter and wall area of the UA along with a corresponding gain in wall cell number. In keeping with this, cell proliferation during the first pregnancy was observed in wt and splenectomized tg6 mice only but not in untreated tg6 mice. Subsequent pregnancies of untreated tg6 females were 420 necessary to induce significant cell proliferation in the UA wall. Apart from the UA, delayed and insufficient arteriogenesis was also observed in virgin tg6 mice following femoral artery occlusion as indicated by a reduced muscle capillary density and capillary to fiber ratio. In analogy to the improvement in pregnancy outcome, splenectomy in tg6 mice reduced capillary loss in the lower leg muscle close to wt values. These results show that arteriogenesis in tg6 mice is not just impaired 425 locally in the UA but also in the entire systemic vascular bed making pregnancy associated hormonal differences an unlikely cause for the poor pregnancy outcome in tg6 mice. Thus, the best 19 explanation for improved arteriogenesis in both the UA and collateral arteries of the leg, is that wall shear stress is increased by hematocrit reduction.
Unfortunately, wall shear stress in the UA cannot be measured directly. Therefore, by measuring the 430 parameters that determine wall shear stress (cf. Materials and Methods section), including mean circulation time (a measure for average blood flow velocity), whole blood viscosity and vessel radius, an estimate was calculated. Splenectomy in tg6 mice reduced whole blood viscosity to 50 -54% of that of untreated tg6 mice [21, 25] . However the most prominent effect of the splenectomyinduced hematocrit reduction in tg6 mice was the decrease in mean circulation time by about 86% - 435 close to values found in wt mice and equivalent to a seven-fold acceleration of mean blood flow velocity. Moreover, the diameter of the UA in splenectomized tg6 compared to untreated tg6 mice was significantly smaller and similar to that of wt mice (cf. Figure 1A, E0) . This parallels the significantly reduced plasma nitrate/nitrite levels seen in splenectomized tg6 mice compared to untreated tg6 mice. Taken together, when introducing these parameters into equation 2 mentioned in 440 (cf. Materials and Methods), we obtained an estimated 4-fold increase in wall shear stress in the UA of tg6 mice following splenectomy. Calculated wall shear stress in splenectomized tg6 mice is then quite close to that found in wt animals, in which shear stress is nearly 5-fold higher than in untreated tg6 mice.
Although the present results strongly argue for impaired arteriogenesis being the underlying cause 445 for miscarriage in tg6 mice, hormonal factors should be considered. Nienartowicz et al. [41] postulated that UA growth might be induced by hormones from the placenta (e.g. estrogen) via direct diffusion between the UA and vein. However, in light of our data there are some inconsistencies with this hypothesis. First, in virgin tg6 mice arteriogenesis is also altered in systemic arteries of non-pregnant animals, hence independent of pregnancy-induced hormonal 450 20 changes. Second, pregnancy hormones should be particularly important in the first third of pregnancy. In tg6 mice, the embryos develop normally in this trimester of pregnancy (cf. Table 1, histological indication of abortion observed only after day 9, supplemental material). Thus, pregnancy-associated hormonal changes might be the predominant mechanism in the first trimester of pregnancy in outward remodeling, whereas shear stress may play a more prominent role 455 thereafter. This hypothesis is in line with a previous study demonstrating that UA remodeling in pseudopregnancy is comparable to that in early pregnancy [42] . In that study, the authors found similar, although less pronounced, structural changes within the UA in the first 14 days of pseudopregnancy as compared to "normal" pregnant mice. The effect was gone at day 17 of pseudopregnancy. The latter results support a role for the endocrine changes of early pregnancy and 460 the effect of shear stress in later pregnancy.
A number of studies suggest that endothelial nitric oxide synthase (eNOS) is involved in uterine vascular adaptation. During pregnancy, levels of eNOS in the UA and nitric oxide in the blood plasma rise [43] , inducing vasodilation and increased blood flow. Inhibition of eNOS during pregnancy causes decreased uterine perfusion [44] and fetal growth restriction [45] . Furthermore, 465 eNOS deficient mice show impaired remodeling of the UA and deliver 1.6 times less viable pups than wt mice [46] . The most important factors stimulating eNOS synthesis in the UA are estrogens [47, 48] and shear stress [49-51]. As mentioned above, tg6 mice have chronically elevated plasma nitric oxide levels. Thus, early in pregnancy, tg6 might be unable to further increase nitric oxide production under the influence of high estrogen levels. This could impair UA dilation early in the 470 pregnancy, a hypothesis supported by our results: In the first trimester of pregnancy increase of UA luminal area in tg6 mice is only half that measured in splenectomized tg6 and wt mice.
Consequently, without the initial vasodilation in early pregnancy blood flow fails to increase, thus 21 further reducing the already low arteriogenic stimulus in the UA of tg6 mice. Therefore, nitric oxide may contribute to the impaired remodeling of the UA in tg6, but other mechanisms must also 475 be involved. This idea is in accordance with the fact that eNOS deficient mice have only 1.6 times smaller litter sizes [46] whereas tg6 mice have a litter size 5 times smaller, both compared with wt animals. As in tg6 mice, subfertility in women suffering from polycythemia vera or erythrocytosis can be markedly improved just by reducing hematocrit to normal values [14] and patients with severe preeclampsia have significantly elevated hematocrit and hemoglobin values [52] . Pregnancy 480 enhances the (uterine) artery vasodilator response to flow [51, 53] , presumably by estrogendependent eNOS induction as stated above. In turn, small arteries of women suffering from unexplained repeated pregnancy loss, intrauterine growth restriction or preeclampsia have a blunted shear stress-induced dilation [49, 54] . For UA adaptation, pregnancy-associated hormonal changes may be more important at the beginning of pregnancy whereas later -during rapid fetal growth -485 shear stress-induced outward remodeling might be the predominant mechanism. This hypothesis is in line with the fact that the above-mentioned pathologies usually occur in the second half of pregnancy when fetal growth accelerates considerably.
We also analyzed the impact of impaired shear stress in the UA on the expression level of selected shear stress regulated genes [55, 56] that are thought to play a role in arteriogenesis [26, 57] .
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Expression level of the diestrus state in virgin mice was compared to that measured instantly after parturition for the following genes: inhibitor of metalloproteinase 1 (TIMP1), endothelial nitric oxide synthase (eNOS), colony stimulating factor 2 (csf2), matrix metalloproteinase 2 and 9 (MMP2 observed exactly the same with our samples. This, together with minor expression changes, might explain why we could not obtain significant results.
Our data suggest an important role for shear stress induced outward remodeling (arteriogenesis) in successful pregnancy outcome in mice. Assuming that our observations parallel the situation in women, impaired arteriogenesis of the UA due to abnormal flow mechanics may be a previously 510 unrecognized cause for unexplained repeated pregnancy loss, IUGR -especially at high altitude or in other cases of (excessive) erythrocytosis [14, 59 ] -and possibly also preeclampsia. This appears to apply particularly to the first pregnancy that could act as a physiological stimulus for complete maturation of the uterine arcade [28] through arteriogenesis explaining the higher incidence of these pathologies in first pregnancies. 
